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INTRODUCTION
Mammalian skin is composed of three primary layers: the stratum corneum, the epidermis, and the dermis. The outer layer of the skin, the stratum corneum, primarily functions as a barrier to the external environment preventing water loss and the invasion of microorganisms. Sebum secreted to the stratum corneum from the sebaceous glands is a key component of the skin surface and has various demonstrated and postulated functions (1) . Sebum itself is a complex mixture of lipids and is produced by the sebaceous glands. At maturation, the acinar cells of the sebaceous glands lyse and release sebum into the lumenal duct, from which the sebum is secreted. Cholesterol (C), sterol esters (SE), wax esters (WE), and triglycerides (TG) are the primary lipids found in the sebum of many mammals, and squalene (S) is also a major component of human sebum. In humans, the predominant sterol esters are cholesterol esters (CE), whereas in male Syrian hamster (a common sebum model) they are chiefly fatty acid esters of a single predominant non-cholesterol sterol (2) . The identity of the sterol comprising these esters in this species has not been identified and herein we will refer to these as Hamster sterol esters (HSE). Wax esters are unique to sebum in that they are not synthesized by other cells in the body. Sebum composition can be modified from its native state by the action of xenobiots which can greatly increase the complexity of its biochemical makeup; for example, bacterial hydrolytic enzymes are known to break down triglycerides to produce free fatty acids (3) .
A number of methods to isolate and qualitatively and/or quantitatively analyze the lipid components of sebum and/or meibum (the lipid-rich secretion along the lower eyelid) have been reported based on TLC (4, 5) ; HPLC-mass spectrometry (6) , GC-MS (7) and IR and Raman spectroscopies (8) . These methods can be labor intensive, often require large amounts of sample and may not suitable for high throughput screening of samples. Since these sebum components have no chromophore, HPLC-based methods require detectors scuh as evaporative light-scattering, ELS, (9, 10) or mass spectrometry, MS. Additionally, methods that rely on HPLC separation require good resolution between lipid classes, which is often difficult to achieve. Detectors based on ELS are highly sensitive, but have limited linear dynamic range and cannot distinguish desired analytes from co-eluting components. Detection with MS is very sensitive and selective, but the analysis is complex because every possible FA conjugate that is resolved chromatographically must be measured (potentially with separate internal standards) in In clinical settings, polymeric films have been utilized to non-invasively absorb sebum off the skin. The lipid-rich mixture can then be extracted and subjected to molecular analysis (4, 11) or quantified directly by visible light transmission through the polymeric film with a device such as a Sebumeter® (12, 13). The latter approach provides a rapid indication of total absorbed material in a clinical setting, but cannot distinguish its composition.
In order to overcome some of the limitations of the aforementioned detection approaches, a method for assessing the molecular constitution of sebum based on nuclear magnetic resonance (NMR) spectroscopy is described. The NMR method relies on accurate integration of specific protons on selected analytes, Figure 1 . We demonstrate the utility of this method as a biomarker assay for assessing the sebum-reducing efficacy of topical and oral agents in a preclinical hamster model and further demonstrate its applicability in human subjects.
METHODS

NMR Data acquisition.
For all experiments, proton NMR spectra were acquired with a Bruker Avance NMR spectrometer operating at 599.98 MHz for proton, using a 5 mm liquid helium cooled 1 H{ 13 C, 15 N} probe (triple resonance cryoprobe) equipped with a z-axis gradient and an automatic sample changer with a capacity of 120 samples (B-ACS 120). The acquisition parameters common for all experiments included a 15 ppm spectral width and a 1.8 second acquisition time. Free induction decays (FIDs) represent the sum of 64 (hamster study) or 512 (human studies) transients acquired into 32K data points. All data were acquired with the sample maintained at 25 °C. Selecting NMR data acquisition parameters for quantitative internal reference standard or related to a concentration by reference to NMR spectra of one or more authentic lipids at one or more concentrations. In some cases, standard curves for selected lipids were employed for concentration calibration as detailed below. The sebum lipid components normally measured included TG, C, SE, WE, and S.
HPLC-ELSD Analysis. Experiments were conducted on an Agilent 1100 HPLC system equipped with a temperature-controlled automatic sample injector, quaternary pump, column heater, and an A/D interface module controlled by Agilent ChemStation® software. The detector was a Sedex 75 ELSD with analog signal connected to the Agilent HPLC system through the A/D interface module. Vacuum-dried samples were reconstituted with 600 μL of trimethylpentane (TMP), recapped and vortexed for 5 minutes. Two hundred microliters of each sample was then transferred to a 2 mL HPLC vial with 200 μL glass insert which were then loaded into the automatic sample injector maintained at a temperature of 20°C throughout the experiment. A Waters Spherisorb S3W 4.6 μ 100 mm analytical column was maintained at 30°C by an Agilent column heater unit. Ten microliters of each sample was injected into the column in triplicate for analysis. Two solvents were used for the mobile phase gradient ( Table   1 ).
The ELSD was operated at 45°C with a gain of 5, and an N 2 pressure of 3.1 bars. Analog signal obtained by the instrument was sent to the Agilent A/D interface module where it was converted to a digital output. The conversion was based on a 10,000 mAU/V set point, and the data rate was set at 10 Hz (0.03 min). The resulting digital output was then fed into the Agilent ChemStation® software for integration of the peak area.
Hamster sebum study. Male Syrian hamsters approximately 8-10 weeks old were housed in individual cages. The animals were acclimated to 16-hour light cycles for 2 weeks prior to dosing. For each treatment, test animals were anesthetized using isoflurane gas. Each treatment group consisted of ten animals. In one experiment, twenty microliters of 3% flutamide was applied topically to the ventral side of each ear using a positive displacement pipette. The animals were treated twice a day, 7 days a week, for four weeks with at least 6 hours between treatments. The flutamide was prepared in 50:50 (v/v) ethanol:propylene glycol (EtOH:PG).
Control animals were treated with 50:50 (v/v) EtOH:PG. In a separate experiment, animals were treated with on oral dose of 20 mg/kg isotretinoin (marketed under the trade name Accutane®), prepared as a suspension in PG. The animals were treated twice a day, 7 days a week, for four weeks with at least 6 hours between treatments. Control animals were treated with PG alone.
At the end of the treatment period, one 8mm diameter distal biopsy punch was taken, just above the anatomical "V" mark in the ear to normalize the sample area. The punch was pulled apart.
The ventral biopsy surface (the area where the topical dose was directly applied to the sebaceous glands) was retained for testing and the dorsal surface of the biopsy punch was discarded. Tissue samples were dried using nitrogen gas and stored at -80°C under nitrogen until analysis.
Prior to NMR analysis, the tissue samples were removed from the freezer and allowed to come to room temperature in capped vials. Fifty microliters of a 2.0 mg/mL solution of arachidonic alcohol (AA) was added to each sample to serve as the internal standard for the analysis. Within 24 hours of sample preparation, the NMR tube was inserted into a spinner, and placed in the NMR autosampler. The acquisition parameters included a pulse width of 90 degrees, and a relaxation delay of 6 seconds. Chemical shifts were referenced to the low levels of protonated chloroform present in the solvent (set to 7.26 ppm). Using Metabonomi, the area of spectral regions were integrated including regions assigned to HSE (4.66 to 4.76 ppm), WE (3.98 to 4.07 ppm), and AA (3.60 to 3.70 ppm). The peak area for WE and HSE were normalized using the area of the internal standard, AA.
Hamster studies were conducted in accordance with the current guidelines for animal welfare Human meibum study. Meibum samples were collected from the eye of one female volunteer and analyzed for squalene, triglycerides, cholesterol esters, and wax esters content. Samples were collected from lower eyelids (ciliary line) by touching a piece Sebutape® to the inner side of the eyelids for 5-10 seconds. The Sebutape® was then processed and NMR data acquired and analyzed exactly as described above for human sebum.
For studies involving human subjects, the final protocol and informed consent documentation ). Written informed consent was obtained prior to the subject entering the study (before screening). The investigator, or the investigator's designee, explained the nature, purpose, and risks of the study to each subject.
RESULTS
Effect of flutamide and isotretinoin on hamster ear sebum
A total of 40 punch-biopsy extracts were analyzed using the NMR method (N=10 for each vehicle control and treatment group). A representative partial NMR spectrum from a control hamster ear extract is shown in Figure 2 . From these data, relative concentrations can be calculated by integrating the area under the peak corresponding to the analyte ( Figure 1 ) and normalizing to the internal standard, AA. The normalized NMR peak areas of HSE and WE in the hamster ear extracts of control animals and animals treated with 3 % flutamide (n=10 by guest, on September 21, 2017 www.jlr.org Downloaded from animals/group) are summarized in Table 2 . Similarly, the NMR peak areas of HSE and WE in the hamster ear extracts of control animals and animals treated orally with 20 mg/kg isotretinoin (n=10 subjects/group) are summarized in Table 3 .
Components in human sebum collected on Sebutape® A representative partial NMR spectrum of an extract of Sebutape® blotted on human skin is shown in Figure 3 . Spectra from the calibration mixture are shown in Figure 4 . For each component or class of components, as in the case of CE and WE, least squares regression was used to fit a linear model to the peak area versus the concentration data, each converted to logarithmic scale. Results showed strong correlations between bilateral measurements completed within a subject and region and good reproducibility of parameters at 3-hour timed measurements. While the absolute concentration of individual molecular components varied from person to person (dependent on the oiliness of their skin), the distribution of the S, CE, TG, and WE in sebum from the scalp region of male subjects at the 3-hour time measurement is remarkably consistent, Figure 5 . The distribution is shown in mole fraction units calculated by dividing the concentration of a single component by the total concentration of S, CE, TG, and WE. The correlation between the total lipid measurements (sum of the four measured classes) and the Sebumeter® reading is shown in Figure 6 .
Components in human meibum tear films collected on Sebutape®
The NMR spectrum of human meibum Sebutape extract is shown in Figure 7 and the corresponding lipid concentrations measured from this sample are summarized in Table 4 . analytes and internal standards may correspond to different numbers of protons and this needs to be accounted for in the concentration calculations, see Figure 1 . For the sterols or sterol esters, the diagnostic peak corresponds to a single methine proton, attached to the hydroxyl carbon involved in ester formation. For AA, WE, and TG, the diagnostic NMR peak arises from a pair of methylene protons adjacent to the carbonyl and thus the integrated peak corresponds to two protons. For Squalene in deuterated cyclohexane, 4 of the vinyl protons are resolved and integrated; in chloroform all 6 vinyl protons overlap and must be integrated together.
NMR is an insensitive technique and the cryoprobe utilized in this study is critical for the success of this assay. Because of the low dielectric solvents used in these analyses, the full benefit of the cryoprobe is manifested as a four-fold increase in sensitivity, corresponding to a sixteen-fold reduction in acquisition time for a given signal-to-noise. This allows low levels of CE to be measured down to the 5 μM range in human sebum extracts with a 25 minute acquisition. With a conventional NMR probe, this limit of detection would mean an unreasonable 6+ hours per sample.
The hamster is a prolific sebum producer and has long been used a preclinical model for excess sebum and its inhibition (15) . The potent anti-androgenic agent flutamide has been shown to cause marked atrophy of the sebaceous glands in rat flank organs (16) . The retinoic acid derivative isotretinoin, an effective treatment for severe acne but with a poor safety profile, acts by reducing the size of sebaceous glands and thereby decreasing sebum production (17) . The NMR assay clearly shows that treatment of hamsters with either flutamide or isotretinoin results in significant reductions in these sebum components relative to control, Tables 2 and 3, and is suitable for use as a preclinical assay for sebum reduction therapies.
One of the motivations for developing this assay was to establish a method that was easy to validate for clinical use. The results on the Sebutape extracts from human skin and meibum demonstrate that this method is useful for quantifying the selected lipids in human sebum with sensitivity suitable for relatively high throughput for direct support of clinical trials.
CONCLUSIONS
Despite good sensitivity, the poor linearity of HPLC-ELSD and lack of selectivity makes clinical validation difficult. Mass spectrometric detection is highly sensitive and selective and has been used extensively in lipid analysis. However, poor dynamic range in mass spectrometers often requires multiple calibrations to cover broad concentration ranges. LC-MS and GC-MS also have disadvantages in sebum analysis. Since MS distinguishes individual molecular species from different lipid classes based on mass and chromatographic retention time, quantitative measurements can be complex. Moreover, if response factors for specific components vary significantly numerous internal standards may be required, which presents a significant disadvantage when pools of possibly hundreds of similar molecules need to be measured together. In contrast, the advantages of NMR include the ability to simultaneously and selectively measure many different pools of lipid classes (independent of FA composition) by simple peak integration with high linear dynamic range and with sufficient sensitivity to carry out relatively high throughput analysis on accessible and noninvasive samples. Since the method is non-destructive, additional analyses can be performed on samples after NMR data acquisition.
Finally, because NMR measures every hydrogen-containing molecule in a sample above a minimum concentration of 5 micromolar, often the data will allow observations that one might not make with analyte-specific assays. These factors combine to provide the NMR method described here with powerful advantages that compliment and/or improve upon traditional assays, particularly in clinical studies. Although we have exemplified this new method in assay of lipid-rich secretions, it is certainly more broadly applicable in cases where an entire molecular class needs to be measured, the only prerequisites being enough material and at least one resolved NMR signal.
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